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Vključevanje obnovljivih virov energije (OVE) je pomemben korak pri prehodu
na bolj trajnosten energetski sistem. Z razvojem energetske politike EU je vloga
klasičnega odjemalca aktivneǰsa in prepoznana kot osrednja vloga v tem prehodu.
Eden od konceptov, ki smo mu sledili je, da se klasični in aktivni odjemalci
organizirajo v energetske skupnosti.
Magistrsko delo obravnava pristope k modeliranju koncepta energetskih skup-
nosti, kjer smo za izhodǐsče izbrali par aktivni/klasični odjemalec. Z različnimi
scenariji smo analizirali, kako prožnost odjema odjemalcev vpliva na povečanje
lastne porabe energetske skupnosti. Agentno modeliranje predstavlja uveljavljen
pristop za modeliranje družbeno-tehničnih sistemov, kot so energetske skupnosti.
Predlagani modeli so implementirani v okolju AnyLogic.
S spreminjanjem njihove prožnosti odjema in razpoložljivosti hranilnika električne
energije smo raziskali možnosti za povečanje lastne porabe energetske skupnosti.
Z pridobljenim znanjem smo izhodǐsčni model nadgradili v manǰso energetsko
skupnost s ciljem doseči sto odstotno lastno porabo zelene energije.
Ključne besede: OVE, klasični odjemalec, aktivni odjemalec, energetska skup-




The integration of renewable energy sources (RES) is an important step in the
transition to a more sustainable energy system. With the development of EU
energy policy, the role of the consumer is more active and recognized as a central
role in this transition. One of the concepts that we have investigated is the
organisation of consumers and prosumers in energy communities.
This master’s thesis deals with approaches to modelling the concept of energy
communities, where we chose the prosumer/consumer pair as a baseline model.
With different scenarios, we analyzed how the flexibility of energy community
members affects the increase of self-consumption of the energy community. Agent-
based modelling represents an established approach to modelling socio-technical
systems such as energy communities. The proposed models are implemented in
the AnyLogic environment.
By changing their flexibility and the availability of the energy storage system,
we explored the possibilities for increasing the self-consumption of the energy
community. With the acquired knowledge, we upgraded the baseline model into
a smaller energy community aiming to achieve 100% self-consumption.





Globalna proizvodnja energije je v stalnem porastu in večinoma proizvedena iz
neobnovljivih virov. Evropska unija (EU) si je za cilj zastavila povečanje deleža
obnovljivih virov energije (OVE) [1], da bi dosegli prehod na bolj trajnosten ener-
getski sistem. Z razvojem energetskih politik EU [7][13] se vloga klasičnega odje-
malca spreminja v aktivneǰso in ga postavlja v sredǐsče [2]. Nova vloga pomeni
da lahko tudi sam proizvaja energijo iz obnovljivih virov in postane aktivni odje-
malec [2][3].
Aktivni odjemalci lahko proizvajajo električno energijo tudi za lastno porabo, ven-
dar težko uskladijo proizvodnjo in porabo. Tako imenovane energetske skupnosti
[4] združujejo klasične in aktivne odjemalce v skupnosti (Poglavje 2), ki sodelujejo
pri proizvodnji in porabi električne energije [1]. Cilj koncepta je poraba lokalno
proizvedene električne energije na nivoju skupnosti [5]. Da bi lokalno porabili vso
tako proizvedeno zeleno energijo, morajo akterji energetske skupnosti spremeniti
svoje navade pri porabi električne energije.
Energetske skupnosti so zapleteni družbeno-tehnični sistemi, kjer njihove zakoni-
tosti običajno analiziramo z računalnǐskimi modeli [2]. Model se uporablja za
preslikavo problema iz resničnega sveta s podrobno karakterizacijo, tako da je
podoben problemu iz resničnega sveta. Z modeliranjem dobimo razumevanje,
kako so dogodki povezani in kako vedenje in interakcije akterjev vplivajo na izhod
sistema [6]. Dobro sprejet pristop k analizi in predstavitvi vloge klasičnega in ak-
tivnega odjemalca v energetski skupnosti predstavlja agentno modeliranje (agent-
based modelling) (Poglavje 3) [2]. Akterji so predstavljeni kot posamezni agenti z
lastnim vedenjem in sposobnostjo odločanja. Med simulacijo agenti komunicirajo
z drugimi agenti in na njih vpliva okolje (Poglavje 3, Slika 3.2) [7].
ix
x Razširjeni povzetek
V okviru praktičnega dela naloge smo za izgradnjo modelov uporabili orodje Any-
Logic (Poglavje 3, Slika 3.5). Model je oblikovan od spodaj navzgor, saj omogoča
bolǰsi vpogled v družbeno-tehnični sistem, ki ga oblikujemo. Izhodǐsčni model,
ki ga sestavljata par aktivni/klasični odjemalec (Poglavje 4), je bil zgrajen za
razumevanje delovanja modela in vpliva posameznih parametrov. Model sestavl-
jajo gospodinjstva, kjer eno gospodinjstvo predstavlja klasičnega odjemalca in
drugo predstavlja aktivnega odjemalca.
Odjemalci so modelirani kot agenti, ki jih opisuje nabor parametrov. Parametri
opisujejo njihove profile porabe (Poglavje 3, Slika 3.6 in Slika 3.7), povezane
z njihovimi urniki uvoženimi v model (Tabela 2.1 in Tabela 2.2) [4]. Aktivni
odjemalec je dodatno opisan s parametri, povezanimi s proizvodnjo električne
energije in s hranilnikom električne energije.
Z namenom izmenjave električne energije agenti komunicirajo in medsebojno vpli-
vajo drug na drugega. Naše delo razǐsče interakcijo med agenti in zakonitosti
delovanja energetske skupnosti.
Arhitektura modela posameznega agenta je predstavljena kot diagram stanja
(Poglavje 4, Slike 4.2 - 4.5). Med simulacijo so agenti aktivni in se samostojno
odločajo glede na implementirane algoritme. Odločitve se sprejemajo na pod-
lagi vrednosti vhodnih parametrov in algoritmov, ki določajo njihovo obnašanje
(Poglavje 4, Slika 4.6). Algoritmi so implementirani kot funkcije v okolju Any-
Logic (Poglavje 4, Podpoglavje 4.2.1).
Cilj naše raziskave je bil doseči sto odstotno lastno porabo energetske skupnosti.
To lahko dosežemo, če proizvedeno električno energijo iz obnovljivih virov ak-
tivnih odjemalcev porabimo lokalno.
Vendar različni profili porabe in proizvodnje električne energije povzročajo
neskladje (Poglavje 2, Slika 2.3), kar pomeni, da proizvedene električne energije
ni mogoče v celoti porabiti lokalno. Da bi dosegli bolǰso lastno porabo, smo
spreminjali običajne profile porabe odjemalcev, kot odziv na spodbude (Poglavje
2, Slika 2.4) ali cenovne signale (Poglavje 2, Slika 2.5). S tem smo želeli razumeti
vpliv posameznih parametrov na celoten model.
V okolju AnyLogic smo razvili grafični uporabnǐski vmesnik (Poglavje 3, Slika
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3.4), ki nam je omogočil izvajanje različnih scenarijev in primerjavo dobljenih
rezultatov. Pripravili smo štiri scenarije (Poglavje 4, Tabela 4.1), s katerimi
smo modelirali vpliv prožnosti odjema odjemalcev in vpliv hranilnika električne
energije na lastno porabo energetske skupnosti.
V prvem scenariju (Poglavje 4, Scenarij 4.1) smo analizirali primer, ko se klasični
in aktivni odjemalec kombinirata s ciljem porabe lokalno proizvedene zelene en-
ergije, ki jo proizvaja aktivni odjemalec s svojimi začetnimi urniki in brez hranil-
nika električne energije (Poglavje 4, Scenarij 4.1). Da bi povečali lastno porabo
tega para, smo poskušali spremeniti njihove profile porabe s prožnostjo odjema,
kot odziv na cenovne signale (Poglavje 4, Scenarij 4.2), in nadalje še s prožnostjo
odjema, kot odziv na spodbudo (Poglavje 4, Scenarij 4.3). Čeprav je prožnost
odjema, kot odziv na spodbudo, povečala lastno porabo, še vedno del proizve-
dene električne energije ni bil izkorǐsčen. Ta zaključek je bil motiv, da modelu
aktivnega odjemalca dodamo hranilnik električne energije (Poglavje 4, Scenarij
4.4), ki je znatno povečal skupno porabo zelene energije (Poglavje 4, Slika 4.29).
V magistrski nalogi smo analizirali vpliv skaliranja modela na skupno porabo
zelene energije. Z pridobljenim znanjem smo nadgradili model v manǰso energet-
sko skupnost, kjer smo povečevali število klasičnih odjemalcev in opazovali vpliv
na skupno porabo zelene energije (Poglavje 5, Slika 5.1). Model je vključeval
prožnost odjema kot odziv na spodbudo. Agenti so porabo lahko prestavili v
intervalu 24 ur. V scenariju 5.1 ima agent aktivnega odjemalca implementiran
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1 Introduction
World energy consumption has been in constant increase for years, and this de-
mand is usually covered by traditional, non-renewable sources, such as nuclear,
hydro, coal, natural gas, etc. Nevertheless, the usage of non-renewable sources
has destructive consequences on the environment, such as pollution of the ecosys-
tem and global warming, hence shifting to the use of renewable energy sources
(RES) is needed [12].
European Commission presented a package called “Clean Energy for All Euro-
peans” on 30th November 2016 to introduce a clean energy transition. This
package includes the goals of achieving energy efficiency and increasing the usage
of renewable energy [13].
We are in the process of replacing current energy resources with renewable gen-
eration to accomplish a transition to a more sustainable energy system. In ad-
dition to sustainability, European energy policy demands the security of supply
and competitiveness while guaranteeing energy equity as well. Consequently, the
current energy supply and demand systems need modifications [2].
Required modifications are a challenge, but bringing consumers in the centre is
one of the key concepts in the process of integration of renewable sources and EU
transition to a more sustainable energy system [2]. Consumer’s role could evolve
to a prosumer, who not only consumes energy but produces it as well [12].
The process where the producer consumes generated energy directly is described
as self-consumption. Self-consumption can be tied to only one building or, it
can be tied to a group of entities, such as a group of buildings, where numerous
consumers use electricity from local renewable energy sources (RES) [14].
1
2 Introduction
Prosumers and consumers could be formed in energy communities explained in
Chapter 2, where generated energy surplus is shared among the energy community
members [1]. Energy communities produce, store and exchange renewable energy
locally between their members [4]. This idea promotes the renewable generation
and consumption to increase self-consumption [5]. In this case, all sides have
benefited since prosumers locally share unused energy, consumers use more locally
generated energy, and the grid stays stable [15].
Nevertheless, the disparity between generated energy and energy community
members’ consumption remains, which means that generated energy cannot be
fully utilized [8]. Energy community members can manage their energy consump-
tion and change their habitual consumption patterns in response to price signals
or incentives. The concept of flexibility demands all energy community members
to actively participate in a modern, ICT supported energy system [1].
With a high level of complexity, energy communities need to be analyzed as com-
plex socio-technical systems through the concept of modelling [2]. Modelling is
used for understanding how events are related and how behaviour and interac-
tions influence the output of the system [6]. Modelling allows the modification of
the system to improve it to test the model with various parameters and details
that are not part of the real world [7].
The well-accepted approach to analyze and represent the complexity of the pro-
sumer’s and consumer’s role within the energy community is the agent-based
modelling (ABM) [2]. Energy community members, described as agents, are ac-
tors in these socio-technical systems with behaviour and the ability to make de-
cisions. They also interact with others and can be influenced by the environment
[7].
In the selected case study, we target 100% energy self-consumption within the
energy community. In the first step, we modelled the prosumer/consumer pair,
which is described with different scenarios in Chapter 4. We selected different
consumption patterns, level of flexibility and available energy storage system to
investigate how these parameters can influence self-consumption.
With initial understanding, we upgraded the model by increasing the number of
prosumers and consumers to a smaller energy community presented in Chapter 5.
3
In observed scenarios, energy community members are incentive-based flexible.
Unused energy surplus is stored in the energy storage system. To increase self-
consumption, we gradually increased the number of consumers within the energy
community, targeting the goal of full self-consumption. In the next step of our
research, we increased the number of prosumers to analyze how it influences the
self-consumption of the energy community.
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2 Energy community framework
The present energy system has to meet the challenges and demands of European
energy policy [16]. It requires the transition to a more sustainable energy sys-
tem while guaranteeing the security of supply and competitiveness, which can
be improved by integrating renewable energy sources [2]. The European Union
(EU) already promotes the usage of renewable energy sources (RES) since they
contribute to the reduction of CO2 emissions and protect the environment [1][13].
Through the evolution of the EU energy policies [1][13], the consumer’s role has
evolved and is recognized as a central role in the energy systems. The increasing
active role makes the consumer an active participant in the energy transition [2].
The revised Renewable Energy Directive [1] presents one of the active roles for a
consumer, where the consumer can benefit by generating energy. It promotes the
consumer’s role to a prosumer, where prosumer denotes a consumer, who both
generates and consumes energy [2].
The energy is generated primarily for the prosumer’s consumption. The integra-
tion of renewable energy sources, such as rooftop PV, enabled self-consumption
tied to an individual or a group of buildings [14]. Self-consumption tied to a
group of buildings brought the idea of developing new frameworks where the en-
ergy generated from renewable sources, also green energy, is shared locally [3][17].
Prosumers and consumers can organize themselves into energy communities to
generate, consume, store and exchange the energy [2]. The concept of the energy
community is proposed in the Renewable Energy Directive [1]. Energy commu-
nities further improve the role of the consumer in the transition. It makes them
more involved in the European’s Union Energy transition [2].
5
6 Energy community framework
The idea of having an energy community is to raise consumers’ awareness and
pro-environmental motivation, including interventions: using more efficient ap-
pliances, using renewable energy, encouraging energy conservation and decreasing
consumption during peak times with demand-side management (DSM) [18].
For the energy community management, different concepts are proposed [4][5][8]
[14][15][19][20]. In Chapter 4, the prosumer and the consumer communicate and
exchange generated renewable energy directly. We followed the concept presented
in [4] and we used the architecture without the energy community coordinator.
However, in Chapter 5 we have selected the architecture with the energy com-
munity coordinator [5][8]. The energy community coordinator collects all the
information on the requested power and generated energy surplus to distribute






Figure 2.1: Energy community
An example of the energy community is presented in Figure 2.1. It consists of
households, where each household represents a prosumer (house with PV panels)
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or a consumer (house without PV panels). The prosumer can generate renewable
energy through PV panels installed on the roof of a house [4]. Photovoltaics (PV),
as a renewable source, can be used because of the scalability, simple installation,
and relatively low maintenance [15].
The prosumer uses generated energy for supplying their loads from the consump-
tion profile, while generated energy surplus will be offered to the consumer. If
the energy surplus is not fully utilized even after sharing it with the consumer,
this energy can be stored in the energy storage system [4].
Prosumer’s energy storage system charges during the day, when PV generation is
available. When the energy surplus is obtained, but the energy storage system is
fully charged, the prosumer offers it to the grid. On the other hand, the energy
storage system discharges when PV generation is not available and loads still
have to be supplied [4].
The consumer is described only by the consumption profile [4]. This energy
community member is sensitive to the electricity price signals from the grid and
has two options. One of the options is to accept the prosumer’s offer, which
means that the consumer’s loads are supplied by the local renewable generation.
The other option is that the loads are supplied by the grid.
2.1 Decision-making procedure within energy community
The consumer’s decision depends on the tariff, which is presented through a time-
of-use (ToU) tariff [4]. Reis et al. [4] propose a time-of-use tariff with five levels.
In scenarios, presented in Chapter 4 and Chapter 5, we use only two levels (Figure
2.2). The high tariff starts at 9 a.m. and ends at 9 p.m. The period after 9 p.m.
until 9 a.m. represents low tariff.
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ToU
Figure 2.2: Time-of-use (ToU) tariff
The consumer’s decision based on the tariff depends on the prosumer’s offer,
which is defined with a threshold [4]. The threshold value is selected between
the high and low tariff values at 0.15. Such a choice of the threshold means that
the consumer will supply the loads from the grid if the tariff is lower than the
threshold. Otherwise, the consumer will accept the offer and supply the loads
with locally generated energy.
2.2 Encouraging energy community self-consumption
The share of locally generated electricity that is being locally consumed for sup-
plying the loads is defined as a self-consumption [21]. Most of the PV energy
is generated during the midday, while the consumption usually reaches peaks in
the morning and evening hours. This causes the disparity between generated
and consumed energy, as presented in Figure 2.3, which means that the local
generation cannot cover all the needs of the energy community [22].
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Figure 2.3: Prosumer’s generation and consumption profile [8]
The red line represents the energy produced by the PV panels, while the blue
line represents the prosumer’s consumption profile. As the consumption curve
does not match the production curve, other approaches, for example, the residen-
tial demand-side management, have to be realized to increase self-consumption
[23][24].
The first approach is load shifting, which is used to postpone consumption. How-
ever, the improvement of self-consumption can be done by shifting only certain
loads. Taken into consideration that some activities in the household are not nec-
essarily needed when they are scheduled, energy community members might be
willing to shift them for a few hours. These loads are described as flexible. Oppo-
site to them, non-flexible loads have to be operated accordingly to the schedule
and they cannot be shifted [4][23].
The shifting of flexible loads can be incentive-based or price-based. Incentive-
based shifting includes distributing a part of prosumer’s and consumer’s con-
sumption to the periods of onsite PV energy generation (Figure 2.4). The main
aim is to motivate prosumers and consumers to alter their routine and change
their load profiles so they can achieve lower consumption peaks during the pe-
riod when PV generation is lower and use electricity generated locally when it is
available [23].
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Figure 2.4: The concept of incentive-based flexibility [9]
Price-based shifting represents the procedure where the loads are shifted in re-
sponse to the price signals related to the time-of-use (ToU) tariff (Figure 2.5). It
means that flexible loads, that are scheduled during high tariff, are shifted to the
period of a low tariff.











Figure 2.5: The concept of price-based flexibility [9]
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Another approach to increasing self-consumption includes the energy storage sys-
tem. The energy storage system is used to store the generated energy surplus
when the consumption is low. The stored energy can be used when energy de-
mand is higher and PV generation is lower [23].
2.3 Proposed energy community framework
In scenarios presented in Chapter 4 and Chapter 5, we will focus on using re-
newable energy sources, together with flexibility and the energy storage system,
to develop approaches towards changing consumption patterns to increase self-
consumption of the energy community.
With this aim, we are following the concept presented by Reis et al. [4]. The
behaviour of the prosumer and the consumer is defined by the usage profile of
appliances in each household [18]. Their usage profiles are represented as house-
hold schedules. The schedules consist of lighting in the house and the usage of
household appliances.
Prosumer’s and consumer’s consumption profiles are adapted from [4] and pre-
sented in Table 2.1 and Table 2.2, respectively.
Prosumer Schedule
Time Kitchen Living room Study room Bedroom Electric Hot water Refrigerator Dishwasher Laundry
lighting lighting lighting lighting water heater consumption machine
00:00 - 05:00 +
05:00 + +
06:00 + + +
07:00 + +
08:00 - 18:00 +
18:00 - 20:00 + + + +
20:00 + + + + + +
21:00 + + + + + +
22:00 + + +
23:00 + +
Table 2.1: Prosumer’s daily schedule
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Consumer Schedule
Time Kitchen Living room Study room Bedroom Electric Hot water Refrigerator Dishwasher Laundry
lighting lighting lighting lighting water heater consumption machine
00:00 - 06:00 +
06:00 + +
07:00 - 15:00 +
15:00 - 17:00 + +
17:00 +
18:00 + + + +
19:00 + + + + +
20:00 + + + + + +
21:00 + + + + +
22:00 + +
23:00 +
Table 2.2: Consumer’s daily schedule
The decision-making procedure depends on the boundaries, such as the availabil-
ity of PV generation, the response to the time-of-use tariff and the status of the
energy storage system. Prosumer’s energy storage system consists of a 4kWh
battery.
Data for PV generation are also adapted from [4] and presented in Figure 2.6.
Figure 2.6: Prosumer’s PV generation
To increase self-consumption, the prosumer’s and consumer’s consumption pat-
terns have to be modified to better fit the generation profile. The loads from
Table 2.1 and Table 2.2 have to be shifted, as explained in Section 2.2. However,
not all loads from these schedules can be shifted. Load shifting can be performed
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only on dishwashers and laundry machines since only these two loads are flexible
[4].
Reis et al. [4] propose incentive-based shifting, where flexible loads can be shifted
up to 36 hours. After 36 hours, the prosumer’s and consumer’s comfort could be
disrupted, and their loads have to be supplied. In our research, we have lowered
the threshold that can lead to disrupting their comfort, and we allowed incentive-
based shifting for at most 24 hours. As shown in Figure 2.4, if PV generation
is not available, we shift flexible loads, dishwasher and laundry machine, to the
periods when PV generation is higher to increase self-consumption.
On the other hand, with price-based shifting, loads are shifted to the period when
the tariff is lowest within 24 hours. As presented in Figure 2.5, during the day,
flexible loads, such as laundry machine and dishwasher, are shifted to the period
of a low tariff.
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3 Agent-based modelling
3.1 Introduction to modelling
Modelling is typically used for understanding the problem from the real-world
[11]. It enables us to solve problems when we cannot work with things in the
real world. It usually happens if we are working with expensive or dangerous
equipment, where we do not want to take a risk. With modelling, we are allowed
to make mistakes in the process of finding solutions, or we can restart the process,
go back in time and have a chance to find the best algorithm for our problem
before the final implementation [6].
Figure 3.1: Concept of modelling [6]
The concept of modelling is presented in Figure 3.1. We define a model of a real
system that assumes the abstraction, including important information. Irrelevant




Building a model represents the mapping of the real-world to the world of models.
When our model is built, we can explore the structure and try to understand it.
We can change parameters to test behaviours, or we can change conditions, create
different scenarios and compare the results. Once we achieve desired results, we
do the reverse mapping and map our solutions back to the real world [6].
Which modelling method should we use depends on the type of problem we try
to map from the real world. It also depends on the purpose of the modelling [6].
A well-accepted method for modelling the socio-technical systems, such as we are
exploring in this thesis, is agent-based modelling (ABM) [2].
After we build an agent-based model for simulating the actions and interactions
of autonomous agents and achieve the required results, setting up and configuring
the agents with pre-defined attributes, communication network and decisions they
have to make can form a knowledge base for system development in the direction
of multi-agent system (MAS) [5][11].
3.2 The concept of agent-based modelling
The agent-based model represents a system modelled as a collection of au-
tonomous entities called agents. Agents interact with each other and operate
within the bounded area while constantly being influenced by the environment
[2]. They are described with the same experience and the same knowledge as the
corresponding component from the real world and interact the same way these
components from the real world interact [11].
Since this modelling method can deal with complexity, it covers various areas and
is used for modelling different problems, from small and simple models to large-
scale decision support systems. ABM can be used for: business and organizations,
economics, infrastructure, society and culture, military, biology, etc [25]. While
mapping the problem from the real world to the model domain, agent-based
modelling uses a bottom-up view [26].
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Each agent is related to one component from the real world. An agent can
represent different things, such as people, products, vehicles, etc. The model
can have a single agent, or a group of agents called population. Agents in the
population have the same types of parameters with the same or different values.
They can interact, have an influence on each other or be completely independent
of others [6].
An agent-based model consists of three main elements, as presented in Figure
3.2:
• A single agent or population of agents with their attributes and behaviour;
• Agent’s relationships used to define interaction with other agents, how and
why they communicate;
• Agent’s environment, which represents an external influence on the popu-
lation [25].
Figure 3.2: Agent-based modelling structure [10]
3.3 Agent characterization
Agent represents a component in the model whose behaviour varies from primitive
decision rules to complex adaptive intelligence. It is important to characterize an
agent as an adaptive component since this unit can learn from the environment
and change behaviour in response. These components are supposed to be active
rather than passive and make decisions independently [25].






















Figure 3.3: Agent’s structure and interactions [11]
An agent can be characterized as [25]:
• Component with a set of attributes and behavioural rules - This gives them
a proper role in the model and decision-making capability. Attributes can
change during the simulation, and we describe them as dynamic or can
stay the same during a simulation and be marked as static. Behaviour is
connected to the agent’s actions with all necessary rules.
• Single component or component as a part of the population - When the
model has a single agent, the only influence on the agent is the environment.
Its behaviour changes by changing parameters and conditions in the model
and by testing different scenarios. Otherwise, the agent is a part of the
population and in addition to the influence of the environment, other agents
have an influence on a specific agent as well through communication.
• Autonomous and self-directed component - Agents are modelled as indepen-
dent components to function smoothly in the created environment and deal
with all kinds of scenarios and types of agents.
• Component with a mission and set of goals to achieve - An agent has to
achieve goals with respect to its behaviour, compare missions with the out-
comes and modify goals and behaviour in upcoming interactions. As a part
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of the population, a single agent achieves its own goal bringing together the
overall pattern.
• Component with experience - Agent is capable of learning and memorizing
its own behaviour and adapting it over time.
• Heterogeneous component - Agents may be characterized as heterogeneous
since their behaviours vary based on their internal description, influence by
the other agents, or their experience from the events that happened before.
3.4 Agent-based modelling procedure
An agent-based modelling procedure of a socio-technical system can be described
in the following steps:
1. Formulating a problem and the identification of the agents
The model is credible to the real-world problem with well-formulated sce-
narios, which includes bottom-up system description with identification of
the observed and desired patterns, the difference between them, and who
are participants involved in the system [10][11].
2. The identification of the system and the decomposition
With the well-formulated model, the next step represents the decision on
the system structure and boundaries. The structure can include a popula-
tion of agents where agents interact with each other and are influenced by
the environment. The information about the system is collected through
surveys, reviews, interviews, or other methods [11].
3. Model formalisation
This step defines algorithms by which agents behave, make a decision, and
interact with others [11].
4. Software implementation
When the agents and their actions are defined, these algorithms have to be
implemented in a modelling or programming environment [10][11].
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5. The verification of the model
The concept of translating the conceptual model into the model code is
not always correct, and we have to check accuracy before analyzing and
using the model. Verification goes through four steps: tracking agent be-
haviour, single-agent testing, interaction testing limited to minimal model,
and multi-agent testing [11].
6. Experimentation
After creating a model and implementing it with an appropriate software
tool, we perform the experiments [10][11].
7. Data analysis
Data analysis represents a very challenging part of the modelling process.
First, we explore data and find suitable patterns. These patterns have to
be visualized and analyzed. This interpretation is important to explain and
understand the model we created [11].
8. The validation of the model
While the verification is used to see if we modelled every part of the design
we defined at the beginning, the validation is used to see if we modelled the
right solution to the problem. Validation is successful if it gives a suasive
explanation of all processes in the model [11].
9. Model use
The main reason we use modelling is to find a solution to the problem.
Agent-based modelling gives an opportunity to analyze the problem and
propose a set of possible solutions. After experimentation and validation
gave us wanted and interesting results, the solutions can be used in the real
world system [11].
3.5 Agent-based modelling with AnyLogic
Energy communities, presented through different scenarios in Chapter 4 and
Chapter 5, are modelled as agent-based models with the AnyLogic tool. For
this purpose, we created the AnyLogic graphical user interface (GUI), presented
in Figure 3.4, which allowed us to run different scenarios and compare results.
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Options defined with GUI allowed us to build models of energy community with
a different number of energy community members, change their consumption
patterns by changing their flexibility and change the availability and the capacity
of the energy storage system. In the end, based on the results we expect, we can
choose the number of days for which we want to draw the results.
Figure 3.4: AnyLogic graphical user interface (GUI) used for the creation of
energy community
An agent-based model of Scenario 5.2 from Chapter 5, where the energy com-
munity consists of two prosumers and four consumers, is presented in Figure 3.5.
It consists of a population of agents type prosumer and a population of agents
type consumer. Agents are added to the main window with a drag and drop
functionality forming a population of agents (Figure 3.5, point 1).
Influences on agents’ behaviour are external or internal. The external influence
derives from the environment. Taken into consideration that all agents belong
to the same environment, this influence is the same for the whole population
[26]. In this model, the main window (Figure 3.5, point 2) acts as the external
influence in the form of the environment for the created population of prosumers
and consumers [27].
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Internal influence is reflected through the agents’ characteristics [26]. By creating
a population of agents, all agents are defined within their block with the same
set of parameters (Figure 3.5, point 3), variables, diagrams, charts, and graphs










Figure 3.5: Agent-based model development in AnyLogic
Agents related to prosumers and consumers from Chapter 4 and Chapter 5 are
described with input data adapted from [4] and presented in Chapter 2. Adapted
data can be imported into the AnyLogic model from spreadsheet [27] and be se-
lected as data related to agents. It will create a set of parameters for a population
of prosumers and consumers related to the values stored in the table’s columns.
Since we are importing schedules presented in Table 2.1 and Table 2.2, it will
create a set of parameters for prosumer presented in Figure 3.6.
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Figure 3.6: Parameters related to prosumer’s schedule
The first column in Figure 3.6 presents boolean parameters that are true when the
loads are scheduled for use. Otherwise, these parameters are false. The second
column refers to the consumption of individual loads in kWh, while the third
column includes the parameters related to the time and date, total consumption
and time-of-use tariff. Additionally, the agent block includes parameters related
to the availability of renewable source and generated renewable energy.
Consumer’s schedule presented in Table 2.2 is mapped into the set of parameters
presented in Figure 3.7. The only difference from the set of parameters used to
describe the prosumer agent is the lack of parameters related to PV generation.
Figure 3.7: Parameters related to consumer’s schedule
Behaviour is the most complex part to model because this segment is connected to
decision–making procedure. Based on the model we want to build, the behaviour
could depend on events, conditions, messages, rates or timeouts. If the behaviour
is time-driven, as our example, an established approach for modelling agent’s
behaviour and decision-making is a statechart (Figure 3.5, point 4) [27].
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Statechart consists of states and transitions. An agent can be in only one state
at a time. Each time an agent enters a new state, an Entry action is executed
(Figure 3.5, point 5) [27]. It includes the execution of all the functions written
in this section.
AnyLogic offers the definition of functions in Java. An example of the AnyLogic
function is given in Subsection 4.2.1, which represents an implementation of the
algorithm presented in Figure 4.6 in the modelling environment. Functions writ-
ten in the Entry action of a state are used for the initialization of all transitions
related to the current state (Figure 3.5, point 6). The timeout for the transition
connected to the next state is initialized based on the agents’ parameters, while
the transitions connected to other states are set to infinity.
How agent changes state from one to another depends on the executed functions,
but also on the trigger type. Different events can trigger the transition between
two states, such as timeout, rate, condition and message [27]. For scenarios
from Chapter 4 and Chapter 5, agents’ statecharts are modelled with timeout
transitions (Figure 3.5, point 7). The transition from the first state executes
after a time interval specified with a parameter used in the Timeout field (Figure
3.5, point 7). This transition is used when we want to delay the next state for a
specified time interval.
Agents’ load profiles are presented as a plot (Figure 3.5, point 8). Additionally,
to show in which states agents reside during the day, we added a plot for the
visualization of the results as well.
How the self-consumption increases or decreases by changing the parameters of
the model at the beginning of the simulation is presented with pie charts (e.g.
Figure 4.10). Since this pie chart depends on the values from all the agents in
the model, it belongs to the main window.
4 Prosumer and consumer modelling
This master thesis aims to investigate the process of modelling an energy com-
munity, based on the framework proposed in Chapter 2, following the goal of
100% self-consumption. As presented in Chapter 3, the well-accepted approach
for modelling complex socio-technical systems is agent-based modelling (ABM),
presented in Chapter 3 [2][6][7][11].
The energy community is modelled from the bottom-up as it allows a better in-
sight into the socio-technical system we model. It started with modelling the pro-
sumer/consumer pair, as presented in Figure 4.1, to understand their behaviour
[4].
Figure 4.1: Consumer/prosumer pair
Once we gained an understanding of self-consumption principles, we applied the
acquired knowledge to a smaller energy community, presented in Chapter 5.
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4.1 Agents modelling
An agent-based model of the prosumer/consumer pair consists of two types of
agents: the prosumer and the consumer. These two types of agents communicate
with each other, where the prosumer offers generated energy surplus and the con-
sumer accepts or declines the offer. The only influence on the energy community
from the environment is represented through the PV generation since this value
varies during the day and depends on the presence of the sun [4].
Each household is represented by one agent. An agent can be a single component
or part of the population. Their behaviour is described through their consump-
tion related to the schedule and their willingness to shift their loads. Agents’
behaviour can be modelled in a way that they shift their loads based on the tariff
or availability of green energy.
As mentioned in Section 2.3, our model uses only two loads with a flexible sched-
ule: the dishwasher and the laundry machine. These loads can be shifted to the
periods with the lowest tariff or to the periods with generated energy surplus
within 24 hours in order not to affect their comfort [4].
The decision-making procedure depends on the availability of green energy, the
presence and the status of the energy storage system and their response to the
time-of-use tariff. In [10], statecharts are used in order to represent agents’ be-
haviour and decision-making process (Chapter 3).
4.1.1 Prosumer modelling
The prosumers have an important role in the energy community as they produce
and share the energy surplus with the consumers [4]. The prosumer agent is used
to imitate the consumption of the household and the process of PV generation.
The prosumer’s behaviour is modelled with parameters related to their flexibil-
ity, the availability of the energy storage system and a set of parameters such as
time, the consumption of kitchen lighting, living room lighting, study room light-
ing, bedroom lighting, electric water heater, hot water consumption, refrigerator,
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dishwasher, laundry machine and total consumption, related to the prosumer’s
schedule presented in Table 2.1.
The energy storage system is modelled with a new set of parameters including,
the current and the maximum value of the energy storage system. The maximum
value represents the capacity of the energy storage system. When this value is
reached, the energy storage system is fully charged, and the energy surplus is
offered to the grid. The current value represents the available energy from the
energy storage system that is offered for usage at a specific time point.
Prosumer’s decision-making procedure is presented with two statecharts. One of
the statecharts refers to the prosumer without the energy storage system, while
the other refers to the prosumer with the energy storage system.
If the prosumer does not have the energy storage system, the statechart used to
model the agent’s behaviour has four states: Initialization, Grid, PVPanelsAnd-
Grid and PVPanels and is presented in Figure 4.2. All states are connected by
transitions since the prosumer can change states in any order.
Figure 4.2: Prosumer’s statechart without the energy storage system
If the prosumer agent has the energy storage system, the statechart used to model
this agent’s behaviour is more complex and has eight states: InitializationB,
28 Prosumer and consumer modelling
GridB, GridAndPVPanelsB, PVPanelsB, PVPanelsAndBatteryB, GridAndPV-
PanelsAndBattery, BatteryB and GridAndBatteryB, as presented in Figure 4.3.
All eight states are connected by transitions since the prosumer can change states
in any order.
Whether the energy storage system is available or not, the first state, Initializa-
tion, is active only once and at the beginning of the simulation. In this state, all
needed parameters for the simulation are initialized. At the beginning of the day
(midnight), the prosumer leaves the Initialization state, enters the new state and
defined by the schedule and rules of the energy community changes the states
during the day.
Transitions are modelled as Timeout since the prosumer changes states after a few
hours. Each time the prosumer enters the state, the already initialized transition
to the next state is being executed, while other transitions are set to infinity.
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Figure 4.3: Prosumer’s statechart with the energy storage system
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4.1.2 Consumer modelling
As a part of the energy community, the consumer is used to imitate the consump-
tion of the household without the PV generation. The consumer’s behaviour is
modelled with a parameter related to their flexibility and a set of parameters such
as time, the consumption of lighting, electric water heater, hot water consump-
tion, refrigerator, dishwasher, laundry machine and total consumption, related to
the consumer’s schedule presented in Table 2.2.
If the consumer is a part of the energy community, where the prosumer does
not have the energy storage system, the consumer’s statechart has four states:
Initialization, Grid, GridAndGreen and Green.
Figure 4.4: Consumer’s statechart for the energy community without the energy
storage system
Otherwise, when the prosumer has the energy storage system, the consumer’s
statechart is more complex with eight states: InitializationB, GridB, GridAnd-
GreenB, GreenB, GreenAndBatteryB, GridAndGreenAndBatteryB, BatteryB and
GridAndBatteryB.
With both statecharts, the first state is Initialization and this state is active
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only at the beginning of the simulation when all parameters are initialized. The
consumer leaves this state at the beginning of the day and enters the next state
according to the schedule, behaviour pattern and rules of the energy community.
States are connected with Timeout transitions since the consumer spends a spe-
cific time in an individual state. When the consumer enters the new state, the
already initialized transition to the next state is being executed, while other tran-
sitions are set to infinity.
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Figure 4.5: Consumer’s statechart for the energy community with the energy
storage system
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4.2 Prosumer/consumer pair modelling
By modelling the prosumer/consumer pair, we considered prosumer’s and con-
sumer’s willingness to shift their loads and the availability of the energy storage
system to increase self-consumption. Four different scenarios were defined (Table
4.1).
Flexibility Energy storage system
Scenario 4.1 inflexible no
Scenario 4.2 price-based flexible no
Scenario 4.3 incentive-based flexible no
Scenario 4.4 incentive-based flexible yes
Table 4.1: Implemented scenarios for prosumer/consumer pair
In the first scenario (Scenario 4.1), we analyzed the case where the prosumer and
the consumer form a pair to use energy generated by the prosumer, with their
initial schedules and without the energy storage system.
The prosumer’s and consumer’s decision-making procedure is presented through
the algorithms for each scenario. These algorithms are executed every hour as
defined by the input data.
4.2.1 Scenario 4.1: Prosumer/consumer pair with inflexible be-
haviour
In Scenario 4.1, agents’ behaviour is described as inflexible, which means that
the prosumer and the consumer are not willing to shift their loads regardless of
the time-of-use (ToU) tariff or the energy generated from the PV panels. Their
schedule is not flexible therefore the loads need to be operated on time. Addi-
tionally, the prosumer cannot store green energy in the energy storage system for
later use.
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Figure 4.6: Prosumer algorithm for Scenario 4.1
As presented in Figure 4.6, when the prosumer generates the energy from the
PV panels and when generated energy is sufficient for the prosumer’s consump-
tion, this agent uses only green energy for the consumption. In this case, the
prosumer informs the consumer about the available energy surplus. If generated
energy is not sufficient for supplying prosumer’s loads, the part of the prosumer’s
consumption is supplied by the energy from the grid.
This algorithm is implemented as a function in the AnyLogic model in order to
define the prosumer’s states:
1 for (int i = 0; i < prosumerHoursCollection.size(); i++)
2 {
3 if(p.ProsumerTotalConsumptionNoShift.get(i) > p.
ProsumerPVGenerationCollection.get(i))
4 {
5 if (p.ProsumerPVGenerationCollection.get(i) == 0)
6 {
7 p.prosumer_use_energy_from = "grid";
8 p.ProsumerUseEnergyFromCollection.add(i, p.
prosumer_use_energy_from);
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9 p.prosumer_grid_usage = p.
ProsumerTotalConsumptionNoShift.get(i);




14 p.prosumer_use_energy_from = "grid + PV panels";
15 p.ProsumerUseEnergyFromCollection.add(i, p.
prosumer_use_energy_from);
16 p.prosumer_grid_usage = p.
ProsumerTotalConsumptionNoShift.get(i) - p.
ProsumerPVGenerationCollection.get(i);






22 p.prosumer_use_energy_from = "PV panels";
23 p.ProsumerUseEnergyFromCollection.add(i, p.
prosumer_use_energy_from);
24 p.prosumer_grid_usage = 0;
25 p.prosumer_pv_panels_usage = p.ProsumerTotalConsumptionNoShift.
get(i);
26 }
27 if (p.ProsumerPVGenerationCollection.get(i) >= p.
prosumer_pv_panels_usage)
28 {












40 p.prosumer_use_energy_from_now = p.prosumer_use_energy_from;
41 }
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Prosumer’s schedule for one day is presented in Figure 4.7a. The schedule presents
a combination of flexible and non-flexible loads. The dishwasher and the laundry
machine, as flexible loads, are drawn with dark and light green colors, respectively.
The laundry machine is scheduled at 6 p.m. (black line), while the dishwasher
is scheduled two hours later (black line). However, in this scenario, all agents
are inflexible, so flexible and non-flexible loads will be operated according to the
initial schedule.
18:00 h 20:00 h
(a) Prosumer’s load profile for the in-
flexible behaviour
(b) Prosumer’s consumption profile for
the inflexible behaviour
Figure 4.7: Prosumer’s results for Scenario 4.1
Figure 4.7b presents how much energy the prosumer generated and the consump-
tion at a certain time. We see that the prosumer does not use nearly as much
green energy as it is produced. The available generated energy, not needed by
the prosumer, can be offered to the consumer.
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Consumer’s decision depends on the prosumer’s offer following the algorithm in
Figure 4.8.
Surplus == 0
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Figure 4.8: Consumer algorithm for Scenario 4.1
If the prosumer does not have the energy to offer, the consumer uses energy from
the grid. The consumer also uses energy from the grid if the prosumer’s offer is
higher than the current tariff. Otherwise, this agent accepts green energy offered
by the prosumer. In the case prosumer’s offer is not sufficient, the consumer takes
the rest from the grid.
This algorithm is implemented as a function in the AnyLogic model in order to
define the consumer’s states:
1 for (int i = 0; i < consumerHoursCollection.size(); i++)
2 {
3 if (p.ProsumerDifferenceCollection.get(i) == 0 && c.
ConsumerTariffCollection.get(i) == 0.1)
4 {
5 c.consumer_use_energy_from = "grid";
6 c.consumer_grid_usage = c.ConsumerTotalConsumptionNoShift.get(i)
;
7 c.consumer_green_usage = 0;
8 }
9 if (p.ProsumerDifferenceCollection.get(i) == 0 && c.
ConsumerTariffCollection.get(i) == 0.25)
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10 {
11 c.consumer_use_energy_from = "grid";
12 c.consumer_grid_usage = c.ConsumerTotalConsumptionNoShift.get(i)
;
13 c.consumer_green_usage = 0;
14 }
15 if (c.ConsumerTariffCollection.get(i) < 0.15 && p.
ProsumerDifferenceCollection.get(i) != 0)
16 {
17 c.consumer_use_energy_from = "grid";
18 c.consumer_grid_usage = c.ConsumerTotalConsumptionNoShift.get(i)
;
19 c.consumer_green_usage = 0;
20 }
21 if (c.ConsumerTariffCollection.get(i) >= 0.15 && p.
ProsumerDifferenceCollection.get(i) != 0)
22 {
23 if (p.ProsumerDifferenceCollection.get(i) >= c.
ConsumerTotalConsumptionNoShift.get(i))
24 {
25 c.consumer_use_energy_from = "green";
26 c.consumer_green_usage = c.
ConsumerTotalConsumptionNoShift.get(i);




31 c.consumer_use_energy_from = "grid + green";
32 c.consumer_green_usage = p.ProsumerDifferenceCollection.
get(i);

















Consumer’s schedule with flexible and non-flexible loads is presented in Figure
4.9a. Flexible loads, the laundry machine (light green) and the dishwasher (dark
green), are scheduled at 6 p.m. (black line) and 8 p.m. (black line), respectively.
Since this scenario does not allow shifting, the loads should be supplied according
to the initial schedule.
18:00 h 20:00 h
(a) Consumer’s load profile for the in-
flexible behaviour
(b) Consumer’s consumption profile for
the inflexible behaviour
Figure 4.9: Consumer’s results for Scenario 4.1
Figure 4.9b presents consumer’s consumption during the day. Given that the
prosumer does not own the energy storage system, while the PV generation is
not available, and the consumer is inflexible, the consumer uses energy from the
grid to supply the loads from the schedule. The consumer’s loads are supplied
by the grid as long as the prosumer does not inform this agent about the energy
surplus. Once the energy surplus is offered, the consumer compares the offer to
the tariff and makes a decision.
Since the prosumer’s PV generation is highest around noon, the prosumer’s energy
surplus is available and offered to the consumer during this period. During the
day, the tariff is higher, and the consumer accepts the prosumer’s offer.
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To achieve a high self-consumption, the energy surplus needs to be consumed by
the two agents. In Scenario 4.1, the prosumer and the consumer are characterized
by inflexible behaviour with very similar schedules. Additionally, the prosumer
does not have the energy storage system, so more than half of the generated
energy is offered to the grid and not used by the prosumer or the consumer
(Figure 4.10).
Figure 4.10: The distribution of green energy for Scenario 4.1
The next step in increasing self-consumption is to change prosumer’s and con-
sumer’s consumption patterns to use more energy generated by the prosumer. In
the first step, we investigated how to increase self-consumption by the price-based
flexibility.
4.2.2 Scenario 4.2: Prosumer/consumer pair with price-based flexible
behaviour
The previous scenario fails at increasing the self-consumption of the energy com-
munity. As mentioned in Chapter 2, the self-consumption can be improved by
load shifting. One of the approaches is shifting the loads to the periods when the
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tariff is lower. This principle is called price-based flexibility and is described in
Section 2.2.
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Figure 4.11: Prosumer algorithm for Scenario 4.2
Before the prosumer decides from which source to supply the loads, the prosumer
checks if the load is flexible. If it is flexible, the prosumer shifts it to the period
when the tariff is lower within 24 hours. When flexible loads are shifted, the
prosumer makes a decision the same way it is described in the previous scenario,
in Section 4.2.1.
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Prosumer’s schedule, with all flexible and non-flexible loads, is presented in Figure
4.12a.
Day n Day n+1
21:00 h
(a) Prosumer’s load profile for the
price-based flexible behaviour
(b) Prosumer’s consumption profile for
the price-based flexible behaviour
Figure 4.12: Prosumer’s results for Scenario 4.2
If we consider the scenario where the prosumer cannot store the energy for later
use and when the PV generation is not available, the prosumer has to use the
grid for supplying non-flexible loads, such as refrigerator, lighting, water heating
since the prosumer’s comfort should not be disrupted. On the other hand, flexible
loads, such as laundry machine (light green) and dishwasher (dark green) can be
postponed until the lower tariff is reached.
For this purpose, it is sufficient to shift the loads for at most 24 hours. According
to the prosumer’s schedule in Table 2.1, the laundry machine and the dishwasher
are scheduled at 6 p.m. and 8 p.m., respectively. Both loads are scheduled during
the high tariff, so the prosumer is willing to shift these activities to the period of
the low tariff. The rescheduled load profile of the prosumer is presented in Figure
4.12a where flexible loads start at 9 p.m. (black line) since this is the beginning
of the low tariff.
Figure 4.12b presents how much energy the prosumer generated and from which
sources this agent supplies the loads at a certain time after shifting the loads.
Prosumer’s PV generation is the highest around noon, and during this time the
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prosumer uses generated energy for the consumption. With price-based shifting,
flexible loads are shifted to the low tariff when PV generation is not available,
which decreases the self-consumption of the prosumer.
Consumer’s decision depends on the prosumer’s offer and the algorithm is pre-











































Figure 4.13: Consumer algorithm for Scenario 4.2
Consumer’s behaviour is modelled in a way that the consumer is flexible regarding
the tariff. Since the low tariff is lower than the prosumer’s offer, the consumer
shifts flexible loads to the low tariff. After successful shifting, the consumer makes
a decision in the same way as it is described in Scenario 4.1.
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Consumer’s rescheduled load profile is presented in Figure 4.14a.
Day n Day n+1
21:00h
(a) Consumer’s load profile for the
price-based flexible behaviour
(b) Consumer’s consumption profile for
the price-based flexible behaviour
Figure 4.14: Consumer’s results for Scenario 4.2
Flexible loads from the schedule presented in Table 2.2 are scheduled during the
high tariff. With price-based flexibility, these loads are shifted to the low tariff
at 9 p.m. (black line).
Figure 4.14b presents when the consumer uses the energy from the grid and when
accepts the prosumer’s offer. Since the prosumer does not have stored energy, the
consumer uses the prosumer’s energy surplus for non-flexible loads if the tariff is
high. Flexible loads are shifted to the low tariff and supplied by the energy from
the grid.
However, this method of load shifting does not provide improved self-consumption
since the same percentage of green energy will remain unused (Figure 4.15), as
in Scenario 4.1. The tariff has only two levels, and the lower one is during the
night, which means that the loads are shifted to the period when PV generation
is not available. To achieve a better self-consumption of the energy community,
we will investigate incentive-based flexibility in Scenario 4.3.
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Figure 4.15: The distribution of green energy for Scenario 4.2
4.2.3 Scenario 4.3: Prosumer/consumer pair with incentive-based
flexible behaviour
The inflexible behaviour of the prosumer and the consumer does not contribute to
self-consumption within the energy community. Additionally, price-based flexibil-
ity does not increase self-consumption as well. On the other hand, incentive-based
flexibility shifts flexible loads to the period when the PV generation is higher, and
the energy surplus is obtained, which can provide better results.
In that case, agents’ behaviour is described with a parameter related to their
flexibility that allows them to shift their loads depending on the available energy.
This principle is described as incentive-based flexibility and explained in Section
2.2.
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Figure 4.16: Prosumer algorithm for Scenario 4.3
Each time the generated energy is not sufficient for supplying the prosumer’s
loads, the prosumer checks if some of the loads are flexible. Non-flexible loads
have to be supplied according to the initial schedule, and the prosumer uses
the grid for supplying these loads. Otherwise, if some of the loads are flexible,
the prosumer is willing to shift them to the period when the PV generation is
available. The shifting is allowed for at most 24 hours. Otherwise, the prosumer’s
comfort will be disrupted.
Figure 4.17a presents the prosumer’s load profile before the operation of shifting
where flexible loads, the laundry machine and the dishwasher, should be operated
at 6 p.m. and 8 p.m., respectively. The green energy is available when the laundry
machine is scheduled for use, while it is not available during the period when the
dishwasher is scheduled. It means that the dishwasher has to be rescheduled
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to the period when the PV generation is available. The PV generation will be
available the next day at 7 a.m., and the dishwasher will be operated at this
point, as presented in the rescheduled load profile in Figure 4.17b.
Day n Day n+1
18:00 h 20:00 h
(a) Prosumer’s load profile for the
incentive-based flexible behaviour be-
fore shifting
Day n Day n+1
18:00 h 07:00 h
(b) Prosumer’s load profile for the
incentive-based flexible behaviour after
shifting
Figure 4.17: Prosumer’s load profile for Scenario 4.3
Figure 4.18 presents generated energy and the sources of energy for providing the
loads at a certain time after shifting them.
Figure 4.18: Prosumer’s consumption profile for Scenario 4.3
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We see that the prosumer still does not use nearly as much green energy as it is
produced. The unused energy is offered to the consumer. If the consumer rejects
the offer, the unused energy is offered to the grid.













































Figure 4.19: Consumer Algorithm for Scenario 4.3
If the prosumer’s offer is not available for supplying the consumer’s loads, the
consumer is willing to shift flexible loads to the period when the energy surplus
is obtained and offered again. These loads can be shifted for at most 24 hours.
Otherwise, the consumer’s comfort will be disrupted. On the other hand, the
consumer uses the grid for supplying non-flexible loads.
Consumer’s initial load profile is presented in Figure 4.20a, while the load profile
after shifting is presented in Figure 4.20b.
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18:00 h 20:00 h
Day n Day n+1
(a) Consumer’s load profile for the
incentive-based flexible behaviour be-
fore shifting
Day n Day n+1
09:00 h
(b) Consumer’s load profile for the
incentive-based flexible behaviour after
shifting
Figure 4.20: Consumer’s load profile for Scenario 4.3
As presented in Figure 4.20a, generated energy surplus is not available for the
consumer’s consumption when flexible loads have to be operated, since flexible
loads, the laundry machine (light green) and the dishwasher (dark green) are
scheduled at 6 p.m. and 8 p.m. (black lines), respectively.
The rescheduled load profile presented in Figure 4.20b shows how these loads
are shifted to increase self-consumption of the energy community. The laundry
machine is shifted for 15 hours, while the dishwasher is shifted for 13 hours,
which is within the allowed 24 hours. Both of these loads are rescheduled at 9
a.m. (black line) on the next day when the PV generation is available again.
Figure 4.21 shows which sources supply the consumer’s consumption during the
day. Compared to the results achieved in Scenario 4.1 and Scenario 4.2, the
consumer uses more green energy when flexible loads are incentive-based shifted,
but still, non-flexible loads are dominantly supplied by the energy from the grid.
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Figure 4.21: Consumer’s consumption profile for Scenario 4.3
How the green energy is distributed among the prosumer and the consumer and
what percentage of the unused green energy is offered to the grid is presented
in Figure 4.22. Flexible loads are incentive-based shifted, which increased self-
consumption by a few percents.
Figure 4.22: The distribution of green energy for Scenario 4.3
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However, more than half of generated green energy is offered to the grid, since
non-flexible loads are supplied by the energy from the grid. To minimize the
percentage of unused green energy, this concept of incentive-based flexibility can
be upgraded by adding the energy storage system to the prosumer’s household.
4.2.4 Scenario 4.4: Prosumer/consumer pair with incentive-based
flexible behaviour and energy storage system
Since load shifting to the period when the PV generation is higher is not suf-
ficient, we further analyzed how the energy storage system can influence self-
consumption.
Prosumer’s algorithm for this scenario is presented in Figure 4.23. Prosumer’s
loads are incentive-based shifted for at most 24 hours in order to increase the
usage of green energy and not to disrupt the prosumer’s comfort.
The prosumer uses generated energy for supplying the loads, and obtained energy
surplus will be offered to the consumer. If the energy surplus still remains after
offering it to the consumer, this energy will be stored in the energy storage system.
Ultimately, if the energy storage system is fully charged, the energy surplus will
be offered to the grid.
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Day n Day n+1
18:00 h 20:00 h
(a) Prosumer’s load profile before shift-
ing
Day n Day n+1
18:00 h 07:00 h
(b) Prosumer’s load profile after shift-
ing
Figure 4.24: Prosumer’s load profile for Scenario 4.4
Prosumer’s load profile before shifting is presented in Figure 4.24a, where flexible
loads, the laundry machine and the dishwasher, are scheduled at 6 p.m. and 8
p.m. (black lines), respectively, according to the initial schedule. The energy
generated by the PV panels installed on the roof of the prosumer’s house is
available when the laundry machine is scheduled and does not have to be shifted.
On the other hand, it is not available during the period when the dishwasher is
scheduled. The dishwasher is shifted for 11 hours and scheduled at 7 a.m. next
day (4.24b).
Prosumer’s consumption profile, together with generated energy, is presented in
Figure 4.25. The prosumer’s PV generation is the highest around noon, and the
prosumer uses generated energy for supplying the loads, while the energy surplus
is offered to the consumer. After the consumer accepts the offer and a part of
green energy still remains unused, it will be stored in the energy storage system
and available for usage later during the day.
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Figure 4.25: Prosumer’s consumption profile for Scenario 4.4
Consumer’s algorithm is presented in Figure 4.26. Consumer’s flexible loads are
incentive-based shifted for at most 24 hours to increase the self-consumption and
not to disrupt the consumer’s comfort. When the energy surplus is not sufficient
for supplying the consumer’s loads or is not available, the consumer is willing
to accept the energy from the energy storage system before using the grid for
supplying the loads.
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Figure 4.27a presents the consumer’s initial load profile, while the Figure 4.27b
presents the consumer’s rescheduled load profile. As presented in Figure 4.27a,
the laundry machine is scheduled at 6 p.m., when the PV generation and the
energy storage system are available, which means that this load will not be shifted.
On the other hand, figure 4.27b presents the rescheduled load profile, where the
dishwasher is successfully shifted one day later, at 9 a.m., since no green energy
was available for this load to be operated by the initial schedule.
Day n Day n+1
18:00 h 20:00 h
(a) Consumer’s load profile before shift-
ing
Day n Day n+1
18:00 h 09:00 h
(b) Consumer’s load profile after shift-
ing
Figure 4.27: Consumer’s load profile for Scenario 4.4
Figure 4.28 presents sources of the energy for providing the loads during the
day. Consumer’s goal is to use green energy as much as it has been offered,
either from the PV panels or from the energy storage system. In case it is not
sufficient, the consumer accepts the energy from the grid. However, we see that
the consumer supplies a certain number of loads by the energy provided from
the energy storage system, which, together with load shifting, contributed to the
increase of self-consumption.
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Figure 4.28: Consumer’s consumption profile for Scenario 4.4
Figure 4.29 presents the distribution of green energy among the prosumer, the
consumer and the grid.
Figure 4.29: The distribution of green energy for Scenario 4.4
Incentive-based shifting increases the self-consumption as presented in Figure
4.22, but since the energy storage system is used to store the generated energy
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surplus for later use, this scenario provides better results and represents a better
approach in building the energy community.
With this scenario, less than a quarter of the generated energy is not used by
the prosumer or the consumer and is offered to the grid. This value represents
the energy that was generated when the energy storage system was already fully
charged. These results motivate us to upgrade the prosumer/consumer pair to
a smaller energy community, where this unused green energy could be further
shared among consumers.
5 Energy community modelling
The bottom-up approach guided us from analyzing the prosumer/consumer pair
to the formation of a smaller energy community. By changing parameters in
Chapter 4, we influenced agents’ consumption and added the energy storage sys-
tem, which increased self-consumption to 80%. To increase it more, we analyzed
the models, where additional energy community members are added into the
energy community.
When the energy community has more agents than the prosumer/consumer pair,
the priority of energy distribution among the energy community members could
be coordinated by the energy community coordinator, as mentioned in Chapter 2.
How the energy will be distributed depends on the rules of the energy community
[5][15][19].
Within the cases we modelled, our prime goal was to use green energy locally
and for this reason, we decided that the energy community coordinator uses a
round-robin scheduling algorithm.
A round-robin scheduling algorithm is explained as an algorithm, where the con-
sumers are chosen and offered generated energy surplus in some rational order,
such as from the first in the population of consumers to the last one. When
loads of the first consumer are supplied, another consumer will be offered to use
the prosumer’s generated energy surplus, or the energy from the energy storage
system, if any of them is available. The procedure is repeated as long as the
prosumer’s energy surplus or the energy storage system is available, or until all
consumers are offered.
If the energy community consists of more prosumers, the energy community co-
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ordinator decides how their energy surplus will be shared among the members.
One of the solutions is to pool the energy surpluses generated by the prosumers
and offer them to the others. When the energy surplus is not fully used, the rest
is used to charge their energy storage systems.
In which order the energy storage systems will be charged depends on the rules
of the energy community. One of the ideas is to charge them simultaneously. The
same percentage of prosumer’s share in the generated energy is also stored in the
energy storage system in relation to the unused green energy.
5.1 Scenario 5.1: Energy community with one prosumer
and more consumers
The bottom-up approach requires the model to be built from a single pair, so
we modelled the prosumer/consumer pair in Chapter 4. With the graphical user
interface, mentioned in Chapter 3 and presented in Figure 3.4, we were setting
up parameters for a smaller energy community.
We described agents as incentive-based flexible with flexibility option. It means
that they are willing to shift their flexible loads to the period when the PV
generation is available within 24 hours.
The energy community is supplied by the green energy generated by only one
prosumer. This prosumer uses the energy storage system to store unused gen-
erated energy surplus for later use, so we chose the energy community with an
energy storage system option. For the capacity of the energy storage system, we
chose 4kWh intending to achieve 100% self-consumption by changing the number
of consumers.
Since the prosumer/consumer pair does not achieve 100% self-consumption of
the energy community, we kept increasing the number of consumers in order to
achieve it. We reached our goal with the energy community with one prosumer
and five consumers. Self-consumption of all tested cases are presented in Figure
5.1.
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Figure 5.1: The comparison of implemented cases
As presented in Figure 5.1, the energy community with one prosumer and one
consumer has just over 20% of the energy that is not used for the consumption
of the energy community members and is offered to the grid. By increasing the
number of consumers to two, the percentage of unused green energy is decreased
just over 10%. We kept increasing the number of consumers to three and four
and achieved self-consumption less than 10%.
By increasing the number of consumers from two to four, we noticed a decrease
in the prosumer’s self-consumption compared to the case with the prosumer/-
consumer pair. To understand and analyze it, we draw the consumption of the
energy community members, presented in Figure 5.2.
With the prosumer/consumer pair, the prosumer shares energy surplus and the
energy from the energy storage system with the consumer and both of them use
generated energy directly or the energy from the energy storage system. The
consumption of the energy from the energy storage system for the prosumer and
the consumer is presented in Figure 5.2a, where the prosumer’s consumption
is drawn with a grey line, while the consumer’s consumption is drawn with an
orange line.
On the other hand, by adding more consumers, the energy from the energy storage
system is shared among them and the prosumer does not use it for consumption.
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It means that the prosumer uses only directly generated energy, which decreases
the prosumer’s self-consumption. As presented in Figure 5.2b, consumers (blue
and orange lines) use the energy from the energy storage system, which discharges
the energy storage system before the prosumer needs this energy.
(a) Self-consumption of energy commu-
nity with one prosumer and one con-
sumer
(b) Self-consumption of energy commu-
nity with one prosumer and two con-
sumers
Figure 5.2: Comparison of self-consumption
The main goal was achieved with the energy community modelled with one pro-
sumer and five consumers. In that case, the self-consumption of the energy com-
munity is 100% and there is no unused green energy offered to the grid.
Prosumer’s load profile before shifting flexible loads, related to Table 2.1, is pre-
sented in Figure 5.3a, while the load profile after shifting the loads is presented
in Figure 5.3b. According to the initial schedule presented in Figure 5.3a, the
laundry machine and the dishwasher are scheduled at 6 p.m. and 8 p.m., respec-
tively.
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18:00 h 20:00 h
Day n Day n+1
(a) Prosumer’s load profile before shift-
ing
Day n Day n+1
18:00 h 07:00 h
(b) Prosumer’s load profile after shift-
ing
Figure 5.3: Prosumer’s load profile within energy community with one prosumer
and five consumers
As presented in Figure 5.3b, at 6 p.m. (black line) the prosumer generates energy
and uses it for supplying the laundry machine. On the other hand, at 8 p.m. no
green energy is generated by the prosumer, and the energy storage system is
discharged, so the dishwasher needs to be shifted for a few hours to the period
when the PV generation is available. The prosumer starts generating green energy
the next day at 7 a.m. Since the shifting is allowed for at most 24 hours and the
difference between the start in the initial schedule and 7 a.m. is 11 hours, the
dishwasher is successfully shifted to the next day and operated at 7 a.m. (black
line).
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Prosumer’s consumption profile is presented in Figure 5.4.
Figure 5.4: Prosumer’s consumption profile within energy community with one
prosumer and five consumers
During the day when the PV generation and the energy storage system are not
available, the prosumer uses the energy from the grid for supplying the loads.
When the process of the PV generation starts, the prosumer uses generated energy
for consumption, offers energy surplus to consumers, and stores the unused green
energy.
Energy from the energy storage system is used when the PV generation is not
sufficient for supplying prosumer’s loads or when the PV generation is not avail-
able. Additionally, when the PV generation is not sufficient for supplying the
prosumer’s loads and the energy from the energy storage system is not sufficient
or available, the energy is provided from the grid.
Consumers in the energy community have the same load profiles summarized in
Table 2.2. Their initial load profile is presented in Figure 5.6a. The dishwasher
(dark green) starts at 6 p.m., while the laundry machine (light green) starts at 8
p.m. To increase self-consumption, consumers shift their flexible loads.
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Day n Day n+1
18:00 h
20:00 h
(a) Consumers’ load profiles (b) Consumer 1 load profile
(c) Consumer 2 load profile (d) Consumer 3 load profile
(e) Consumer 4 load profile (f) Consumer 5 load profile
Figure 5.5: Consumers’ load profiles within energy community with one prosumer and
five consumers, a) initial before shifting, b)-f) after shifting
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As presented in Figure 5.6a, the PV generation is not available for supplying
flexible loads by the initial schedule. Consumer 1 in the population is willing
to shift the loads for at most 24 hours and waits for the prosumer’s offer to use
green energy for supplying these loads.
The first time the energy surplus occurs is at 9 a.m. and the consumer reschedules
the dishwasher and the laundry machine to be operated at that point, as presented
in Figure 5.5b. It means that the laundry machine is shifted for 15 hours, while the
dishwasher is shifted for 13 hours and the consumer’s comfort was not disrupted
since the shifting is allowed within 24 hours.
The second and third consumers in the population also shifted their flexible loads
to the next day when the PV generation is available for supplying the loads. Con-
sumer 2 rescheduled both loads at noon, which means that the laundry machine
and the dishwasher are shifted for 18 and 16 hours, respectively. Both loads are
successfully incentive-based shifted since the shifting is allowed for at most 24
hours, as presented in Figure 5.5c.
Consumer 3 successfully rescheduled flexible loads only one hour later, at 1 p.m.
It means that the laundry machine and the dishwasher will be operated 19 and
17 hours later, respectively, as presented in Figure 5.5d.
On the other hand, there is no available PV generation within the next 24 hours
for supplying the flexible loads for the consumer 4 (Figure 5.5e) and the consumer
5 (Figure 5.5f). They were shifting their loads for 24 hours to get the prosumer’s
offer, and since they did not receive any, they rescheduled their flexible loads for
exactly 24 hours. After a day, they stopped the process of shifting and operated
the laundry machine at 6 p.m. and the dishwasher at 8 p.m. the next day.
Consumers’ consumption profiles are presented in Figure 5.6.
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(a) Consumer 1 consumption profile (b) Consumer 2 consumption profile
(c) Consumer 3 consumption profile (d) Consumer 4 consumption profile
(e) Consumption profile of consumer 5
Figure 5.6: Consumers’ consumption profiles within energy community with one pro-
sumer and five consumers
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As presented in Figure 5.6, the first three consumers in the population use
most of the green energy because they rescheduled their flexible loads, which
means that their incentive-based flexible behaviour contributed to the better self-
consumption of the energy community.
The other two consumers in the population contributed better self-consumption of
the energy community only by using the offered energy for supplying non-flexible
loads during a period when the PV generation was high.
5.2 Scenario 5.2: Energy community with two prosumers
and four consumers
Agent-based modelling is a bottom-up approach, where a simple model is an-
alyzed to understand agents’ behaviour and their interactions. After finding a
pattern by which the model behaves, a simple model is upgraded to more complex.
In Scenario 5.1, while increasing the number of consumers in order to increase self-
consumption of the energy community, we analyzed the case, where the energy
community consists of one prosumer and two consumers. By changing parameters
in the graphical user interface presented in Figure 3.4 and choosing the option
with two prosumers and four consumers, we analyzed the new model we built.
As a verification step, we also wanted to show that if we increase the number of
prosumers and consumers in the energy community two times, it will increase the
consumption of green energy of all energy community members two times and
keep the same percentage of self-consumption of the energy community.
The comparison of green energy consumption between the energy community with
one prosumer and two consumers and the energy community with two prosumers
and four consumers is presented in Figure 5.7.
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Figure 5.7: Comparison of green energy consumption
Based on the results in Figure 5.7, we have confirmed that our system behaves as
we expected, which represents the verification of our model. Scaling the number
of the energy community members resulted in proportional scaling of the con-
sumption. If we compare achieved results, we can see that two prosumers from
the energy community with two prosumers and four consumers use two times
more green energy than one prosumer from the energy community with one pro-
sumer and two consumers, while four consumers from the second case use two
times more green energy than two consumers from the first case.
We also wanted to show that scaling of the energy community does not affect
the self-consumption share. In Figure 5.8, we see that the percentage of self-
consumption is the same for both energy communities.
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(a) Self-consumption of energy commu-
nity with one prosumer and two con-
sumers
(b) Self-consumption of energy commu-
nity with two prosumers and four con-
sumers
Figure 5.8: Comparison of self-consumption
Future work includes achieving better self-consumption of the prosumers within
the energy community, which is presented as a problem when the number of
consumers within the energy community was increased. One of the solutions is
that the prosumer offers only a certain percentage of the energy storage system
to the consumers, while the rest is used for the prosumer’s consumption.
6 Conclusion
With the goal to achieve a more sustainable energy system with increased self-
consumption, the transition from non-renewable to renewable energy sources is
needed. The large scale integration of renewable energy sources implies the in-
vestigation of energy communities, where energy community members produce
and exchange energy with others. To fully utilize locally generated green energy,
prosumers and consumers need to become flexible and willing to change their
habitual patterns.
The energy community, as a complex socio-technical system, is modelled with
agent-based modelling. The building of the agent-based model starts from the
bottom-up. We started the process of modelling by modelling one prosumer/con-
sumer pair. This was further extended by forming a smaller energy community.
With different scenarios, we analysed the influence of different parameters on
the model of the energy community. We analyzed the influence of flexibility on
the energy community and how the self-consumption of green energy improves
by adding the energy storage system. With acquired knowledge, we analyzed
how the increase in the number of prosumers and consumers within the energy
community influences the total use of green energy.
Self-consumption can be increased if the generated energy surplus is shared among
the energy community members. In our research, we reached the goal of 100%
self-consumption within the energy community composed of one prosumer and
five consumers. The prosumer and consumers are characterized as incentive-based
flexible willing to shift their flexible loads within the allowed interval.
In the presented scenarios, we investigated the energy community members’ flex-
71
72 Conclusion
ibility and shifted their flexible loads to the periods when the PV generation is
higher. With the selected cases we presented, the energy community members are
willing to shift their loads for at most 24 hours. Better results could be achieved
by extending the number of shifting hours, but it would further disrupt their
comfort [4].
Flexibility contributes to increased self-consumption. However, considering that
not all loads are flexible and that the schedule mostly consists of the loads whose
operation cannot be shifted, the energy storage system is needed. In Scenario
4.4, the prosumer owns the energy storage system with a capacity of 4kWh. We
can conclude that the utilization of the energy storage system improves the result
compared to Scenario 4.3.
The number of members in the energy community also has an impact on the use
of green energy. By increasing the number of consumers, we increased the self-
consumption of the energy community, while increasing the number of prosumers
has the opposite result.
Based on selected [4] prosumers’ and consumers’ load profiles, we can see that
they have very similar schedules. It means that they accept and use green energy
at the same time intervals. During other time intervals, green energy is available.
However, it is not used for consumption by the energy community members. By
introducing more heterogeneous members to these energy communities, we would
achieve better results.
Based on these conclusions, further research is needed in the direction of clustering
members into groups. These groups should be characterized by specific load
profiles to fully utilise the available green energy throughout the day.
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